The mean state and year-to-year variations of the tropospheric temperature fields are analyzed in light of their relationship with the establishment of the East Asian summer monsoon (EASM), and the Indian monsoon (INM). Primary data for the analysis include the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis from 1982 to 1996 and the European Center for Medium-Range Weather Forecast (ECMWF) Reanalysis (ERA) from 1979 to 1993. The analysis reveals that, in most of the analyzed years, the meridional temperature gradient in the upper troposphere reverses at, or before the onset time of the summer monsoon in both the EASM region and the INM region. On the average, the reversal time of the meridional temperature gradient in the EASM region (INM region) is concurrent with (one pentad earlier than) the onset time of the summer monsoon. A budget analysis shows that the strong horizontal warm advection and the diabatic heating are the main contributors to the upper tropospheric warming against the strong adiabatic cooling during the pre-onset period over the EASM region. Over the INM region, however, strong adiabatic heating due to subsidence is the major warming process against diabatic cooling, and the strong horizontal cold advection related to the persistent northwestlies to the southwestern periphery of the Tibetan Plateau. The results show that the seasonal shift of the South Asian High in the upper troposphere, and the establishment of the EASM and the INM are closely related to the seasonal warming, which results in the reversal of the meridional temperature gradient in the upper troposphere over the two monsoon regions.
Introduction
As a major component of the global climate system, the Asian summer monsoon has been a worldwide research topic for decades. Since the late 1970's, the Asian summer monsoon has been conceptually broadened to be viewed as a combination of the Indian monsoon system, and the East Asian summer monsoon (e.g., Krishinamurti and Bhalme 1976; Jin and Chen 1983; Chen et al. 1983; Tong et al. 1983; He et al. 1987) . The Asian summer monsoon system is characterized by the general circulation that undergoes abrupt seasonal changes during late spring and early summer. These changes are closely related to the tropospheric seasonal warming over the Asian monsoon region (Yeh et al. 1959; Murakami and Ding 1982; Krishnamurti 1985; He et al. 1987; Yanai et al. 1992) . The importance of the Tibetan Plateau as an elevated heat source for the abrupt changes of the circulation has been noticed by many previous studies (e.g., Flohn 1957 Flohn , 1960 Ye and Gao 1979; Luo and Yanai 1983, 1984; Murakami and Nakazawa 1987) .
The establishment of the East Asian summer monsoon is generally earlier than that of the Indian monsoon (e.g., Lighthill and Pearce 1981; He et al. 1987; Tao and Chen 1987; Lau and Yang 1997) . In a study of the Asian summer monsoon in the period of late spring and earlier summer in 1979, He et al. (1987) showed that the general circulation underwent two distinct stages of abrupt transitions, resulting in the successive onsets of early summer rains over Southeast Asia and India. Their analysis revealed that the two transitions were closely related to a reversal of meridional gradient of mean temperature in the upper troposphere. Recently, Li and Yanai (1996) showed that the onset of the Asian summer monsoon is, on the average over a 14-year period, concurrent with the reversal of meridional temperature gradient south of the Tibetan Plateau. Ueda and Yasunari (1998) showed that the onset of the Southeast Asian Monsoon is closely associated with the meridional temperature gradient between the Tibetan Plateau (80-100 E) and surrounding regions.
However, not much is known about the physical mechanisms responsible for the seasonal warming resulting in the reversal of meridional mean temperature gradient in the upper troposphere. It is also unclear what causes the different timing of onset of the Indian monsoon and the East Asian summer monsoon. Such investigations should be made not only on a multiple year mean basis but also on a year-to-year basis. The main objectives of this paper are 1) to further study the regional differences in the onset timing of the Asian summer monsoons (i.e., the Indian monsoon and the East Asian monsoon) in relating to the change in meridional temperature gradient in the upper troposphere on a year to year basis, and 2) to reveal the regional differences in mechanisms responsible for the seasonal warming in the upper troposphere leading to the meridional temperature gradient reversal, and the onset of the summer monsoon over the respective region.
The current paper is organized as follows. In section 2, the data and the definition of an onset index of the East Asian summer monsoon (hereafter referred to as EASM), and the Indian monsoon (hereafter referred to as INM) are introduced. The index is determined from wind and geopotential height fields. The evolution of the South Asian High in the upper troposphere, and the tropospheric temperature fields are discussed in section 3. In section 4, the reversal times of the meridional temperature gradient in the upper troposphere are identified over the EASM region, and the INM region, respectively, for the study period. A comparison is then made between the reversal time and the monsoon onset time determined by the onset index. A heat budget analysis is presented in Section 5 to reveal the physical mechanism for the upper tropospheric warming over the land areas in the two monsoon regions. The final section consists of a summary of the main results of this paper and the discussions.
Data and monsoon index
In this study, both National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis, and the European Center for Medium-Range Weather Forecast (ECMWF) reanalysis (ERA) are used. The NCEP-NCAR reanalysis is a joint project between NCEP and NCAR to produce a 40-year record of global atmospheric analyses for the period 1958-97, with the data assimilation system (Kalnay et al. 1996) . The NCEP-NCAR data assimilation model is run at a horizontal resolution of T62, with 28 vertical levels. The ERA system is described in Gibson et al. (1996 Gibson et al. ( , 1997 . The data was obtained using a special version of the ECMWF operational data assimilation system which includes a spectral T106 forecast model, with 31 hybrid vertical levels and a fully three-dimensional semi-Lagrangian advection scheme. The ERA covered the period of 1979-93. The parameterizations of physical processes in the models, and many other aspects differ considerably between the two assimilation systems. Readers are referred to Gibson et al. (1999) and Annamalai et al. (1999) for details.
In this study, horizontal winds, geopotential height and temperature from both NCEP-NCAR and ERA data are analyzed at a horizontal resolution of 2:5 Â 2:5 longitudelatitude. These variables are averaged into pentad means (mostly consists of 5 days). There are 6 pentads per month, and 72 pentads per year. The NCEP-NCAR reanalysis data from 1982-96, and the ERA data from 1979-93 are analyzed, and compared in the analysis. Despite the differences between the two reanalyses as noted, for example, by Annamalai et al. (1999) , no major differences are found concerning the features discussed in this study. To save space, for most of the analysis, NCEP-NCAR results are shown, except the 2-meter temperature analysis, and the budget analysis which the ERA results are shown. Monthly surface air temperature at some stations are used for the near surface temperature analysis.
Several indices have been proposed to study the interannual variability of the Asian summer monsoon. These include the all India summer rainfall index (AIRI) by Mooley and Parthasarathy (1984) ; the vertical shear of meridional wind, v 850 À v 200 , over the region of 10 N-30 N, 70 E-110 E, by Goswami et al. (1997) ; the vertical shear of time-mean zonal wind, u 850 À u 200 , over the region of 0-20 N, 40 E-110 E, by Webster and Yang (1992) . These indices well describe certain features of the Asian summer monsoon, yet they are inadequate to describe other features of the summer monsoon variability. For detailed reviews of relevant issues, readers are referred to Wang and Fan (1999) and Lau et al. (2000) . In particular, these indices may not be suitable for defining the onset time of the summer monsoon in certain selected region like the South China Sea. As a result, various indices have been proposed using different physical quantities to measure regional monsoon variability. These include, for example, equivalent potential temperature by Tong and Huang (1983) ; the rainfall over Hong Kong by So and Chan (1997) ; outgoing longwave radiation (OLR) by Lin (1998) ; a combination of 850 hPa wind and OLR by Liu et al. (1998) ; the meridional wind v at 1000 hPa, 200 hPa and the difference between the two levels averaged over the South China Sea monsoon region (7.5 -20 N, 107.5 -120 E) by Lu and Chan (1999) . The onset times of the East Asian summer monsoon, based on rainfall or other convection-related quantities exhibit significant differences. Rainfall observed in the EASM region could be a result of different circulations of a wide range of scales other than the summer monsoon. For example, He et al. (1999) analyzed over 40 years of data and showed that the rainy season over the most part of Guangdong province in South China generally start one or two months earlier than the onset of the East Asian summer monsoon. To avoid irrelevant local influences, an onset index of the Asian summer monsoons, proposed by He et al. (2000) , will be used in this study. This index is briefly described below.
It is well known that the Asian summer monsoon circulation is characterized by two distinct features. First, it is characterized by the prevailing southwestlies in the lower troposphere accompanied by upper-tropospheric northeasterlies associated with the South Asian High (SAH), which is sometimes referred to as the Tibetan High (TH). Second, as He et al. (2000) pointed out the monsoon onset is accompanied by the eastward withdrawal of the South China Sea subtropical high (SCSH) at 850 hPa to the west Pacific east of 120 E, and the westward shift of the Arabian High (AH) at 850 hPa to the west of 50 E. To capture the above two respective features, a wind index ðI w Þ and a height index ðI h Þ are defined to form a combined monsoon onset index.
The wind index is defined over selected key regions as
where I u ¼ u 850 À u 200 , u 850 and u 200 are the regional mean zonal wind at 850 and 200 hPa, v 850 the regional mean meridional wind at 850 hPa, and jv 850 j represents the absolute value of v 850 . I u was proposed by Webster and Yang (1992) as a time-area mean vertical shear of the zonal wind over a broad area. I u is also related to meridional gradient of mean tropospheric temperature by thermal wind relationship, as discussed by Kawamura (1998) and Kinter et al. (2002) . I w differs from I u by coupling it with the low-level meridional wind component. The regions over which the index I w will be computed in this study are the East Asian summer monsoon (EASM) region: 5 N-20 N, 90 E-120 E, and the Indian monsoon (INM) region: 5 N-20 N, 50 E-85 E. I w is usually positive in the summer monsoon period. The height index is defined as
where H s and H n are respectively the 850 hPa geopotential height at two selected points: (5 N, 117.5 E) and (17.5 N, 117 .5 E) for the EASM region, and (5 N, 70 E) and (20 N, 50 E) for the INM region. Of the two selected points, one is near the center of the 15-year mean pressure ridge, and the other is to the south outside the ridge. The index I h is essentially proportional to the geostrophic wind between the two points.
A positive I h implies that the South China Sea region is affected by westerlies and is free of the control of the SCSH, and that the Arabian Sea is controlled by southwesterlies and free of the effects of the AH. This index helps to exclude the southeasterlies to the southwest side of the SCSH, and the northwesterlies to the northeast of the AH over the two monsoon regions respectively. The summer monsoon onset index used in this study is then defined as
Otherwise Figure 1 shows the annual evolution of the pentad mean I wh averaged in the 15-year period (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) over the EASM region (solid line) and the INM region (dashed line). The abscissa represents time in pentad (72 pentads year À1 ). Clearly it can be seen that both the onset, and the withdrawal of the summer monsoons, over the two regions, occurred quite abruptly. For the 15-year mean, the summer monsoon period ðI wh > 0Þ over the EASM region, starts at the 28 th pentad (16-20 May) and ends at the 56 th pentad (6-10 October). For the INM region, the summer monsoon lasts 18 pentads from the 32 nd to 49 th pentad. The abrupt change shows that I wh as a monsoon index, has successfully excluded many ambiguous events that cannot be subjectively identified. The success is due to the inclusion of not only the largescale monsoon onset I u , as discussed in Webster and Yang and many other related papers, but also the important regional features of EASM and INM, i.e., the sign of v 850 and ðH s À H n Þ.
The onset time of the summer monsoon, of the two regions defined by index I wh in each year during the 15-year period, are listed in Table 1 and 2 of this paper.
Evolution of South Asian High and tropospheric temperature
The South Asian High (SAH) in the upper troposphere is a major component of the Asian summer monsoon system. The evolution of the Asian summer monsoon is directly related to the seasonal transition of the SAH. Since thermodynamic processes play an important role in the evolution of the Asian summer monsoon, the mean tropospheric temperature should be related to the seasonal transition of the SAH. To explore this relationship, the seasonal migration of the SAH is shown. Figure 2 shows the annual evolution of the center of the SAH, within the domain of interest (20 S-50 N, 40 -150 E), determined by the 200 hPa winds during the fifteen years. The abscissa is time and the ordinate is latitude (left) and longitude (right). The annual mean latitude (solid) and longitude (dashed) are 21.9 N and 101.2 E, respectively. The center of the SAH moves into the domain in mid-April, and moves steadily northwestward. It reaches its northernmost (30 N) and westernmost (55 E) position in August (43 rd pentad), and then starts moving southeastward. As discussed in Section 2, the onset time of the EASM and the INM based on the fifteen-year average data are respectively the fourth pentad of May (28 th pentad), and the second pentad of June (32 nd pentad). The corresponding centers of the SAH to the onset periods are located at (17.5 N, 102 E) and (22.5 N, 96 E), respectively. Within 50 E-120 E, they move from about 10 N at 27 th pentad, to around 25 N at 33 rd pentad.
Seasonal transition of the SAH

Evolution of the tropospheric temperature and SAH
Such a tight coupling between the temperature field and pressure field indicates a mutual adjustment between the two fields under hydrostatic balance. This suggests a fundamental importance of thermodynamic processes in the establishment, and evolution of the Asian summer monsoons.
Another important feature is the existence of a quasi-permanent temperature trough and ridge over the Asian summer monsoon region prior to the establishment of the Indian monsoon starting in late April (figures before the 27 th pentad omitted). The temperature ridge extends northwestward from the tropical far western Pacific, to the Indo-China peninsula, and the southeastern Asian continent. The temperature trough extends southward from western Tibet to the Indian subcontinent. This thermal structure forms a clear east-west temperature contrast between the INM region, and the EASM region, divided roughly by the 90 E longitude. Such a temperature distribution facilitates an earlier development, in the southeastern Asian region, the SAH and the associated upper-tropospheric easterly winds.
On the other hand, the east-west distribution of the lower-troposphere (below 850 hPa) temperature is quite different from the uppertroposphere temperature during late spring and early summer time. Figure 4 shows the 15year (1979-1993) mean ERA 2-meter temperature fields around the onset period of the EASM (Fig. 4a, 4b, 4c ) and the INM ( Fig. 4d , 4e, 4f ). A salient feature is that in the same latitude belt, temperature to the west (e.g., Indian area) is usually much higher than that to the east (e.g., Indochina, South China and South China sea). Broad areas of persistent warm temperature above 30 C, exist to the southwestern periphery of the Tibetan Plateau (west of 90 E) extending from the Indian subcontinent to Saudi Arabia. The 15-year averaged pentad mean 2 m-temperature difference between the INM region and the EASM region can reach about 10 C or more. The 15year (1982-1996) mean NCEP-NCAR 2 mtemperature fields of the same sub-periods (figures omitted) are also checked. Although the ERA data shows more detailed structure, probably due to its higher model resolution, the above features in the two data sets remain basically the same.
To further examine the reliability of the above feature revealed by ERA and NCEP-NCAR 2meter temperature, Fig. 5a shows the variation of monthly mean surface air temperature from March to September in 1984 at five stations in India (dashed) and five stations from South China to the South China Sea area (solid). The area means represented by the 5-station means (Fig. 5b) , show that surface air temperature over INM area is 2-5 C higher than its counterpart over EASM region from April to June. Note that the maximum station-to-station temperature difference, can reach about 14 C (see Fig. 5a ). Similar east-west temperature distribution at 850 hPa is discussed later.
The fact that the orientation of the longitudi- nal temperature gradient, in the upper troposphere, is opposite to that in the lower troposphere over the Asian monsoon region south of 30 N, indicates that there must be certain physical processes offsetting the warming effects of the strong sensible heat flux, due to the much higher surface temperature over the INM region than that in the EASM region, to maintain the observed temperature distribution in the upper troposphere. Further analysis and discussions on thermal processes responsible for the seasonal warming in the upper troposphere over the two monsoon regions, are presented in section 5 below, in an attempt to understand the observed pattern of the tropospheric temperature fields.
4. Reversal of temperature gradient and monsoon onset Figure 6 shows the time-latitude section of the layer mean temperature in the upper troposphere (500-200 hPa) along 112.5 E across the EASM region, and 77.5 E across the INM region, based on the 15-year (1982-1996) average. Warm areas with temperature higher than À28 C are shaded. Dashed lines connect locations of pressure ridge, determined by zero zonal winds at 200 hPa. It is clearly seen from the figure, a gradual formation of upper tropo-spheric warm center (temperature higher than À28 C) within 10-40 N, due to seasonal warming over the two monsoon regions. The maximum temperature is formed near 30 N by the end of July. Again it can be seen more clearly in this figure that the evolution of pressure ridge at 200 hPa (dashed line) closely follows the evolution of the layer mean temperature ridge in the upper troposphere. It is emphasized here that the formation of the warm center near 30 N leads to a reversal of meridional temperature gradient over the region south of 30 N, which is a key signal manifesting the seasonal change of tropical circulation, and the onset of summer monsoon over the Asian monsoon region. Figure 7 shows the difference of the layermean temperature in the upper troposphere between 25 N and 5 N over the EASM region (90 E-120 E, solid), and the INM region (50 E-85 E, dashed) based on the 15-year (1982-1996) average. Positive (negative) differences indicate that the air column at 25 N is warmer (colder) than that at 5 N. Over the EASM region, the reversal of the meridional temperature gradient represented by the change of sign of the temperature difference between the two latitudes occurs at the 28 th pentad, the same as the mean monsoon onset time determined by (Fig. 8a) , and INM (Fig. 8b) . The horizontal lines denote the corresponding annual mean values. As already shown in Fig. 7 , the reversal of meridional temperature gradient in the upper troposphere, occurs at the 28 th pentad over the EASM region, and at the 31 st pentad over the INM region. What should be emphasized here is that, in both regions, the reversal of the meridional temperature gradient is associated with a more rapid increase of the layer-mean temperature over the northern land area (17.5 N-27.5 N) than over the southern oceanic area (5 N-15 N). After the onset, the layer-mean temperature over oceanic areas decreases rapidly. Li and Yanai (1996) showed 14-year (1979-1992) mean annual cycle of the upper tropospheric (200-500 hPa) temperature anomalies averaged between 70 and 100 E. They noted that the large seasonal temperature changes are confined to the north of 10 N, and that there is no appreciable change over the Indian Ocean south of 10 N. Ueda and Yasunari (1998) showed similar results through the 10-year (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) averaged thickness of the layer 200-500 hPa. Using the same method discussed above, the reversal time of the meridional temperature gradient for each year of 1982-1996 is calculated, as listed in Table 1 and Table 2 . Also listed in the tables is the onset time of the EASM, and the INM in individual years based on I wh discussed in Section 2. Table 1 shows that, over the EASM region, the number of years when the reversal of temperature gradient occurred earlier than, simultaneously, and later than, the monsoon onset is respectively, 5, 8, and 2. The corresponding number of years over the INM region, shown in Table 2 is 9, 4, and 2. Table 1 further shows that, on the average, the meridional temperature gradient in the EASM region reversed about one pentad earlier than the monsoon onset, while Pentad (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) shows that the reversal time in the INM region is about 1.5 pentads earlier than the monsoon onset time. This shows clearly that the reversal of the layer mean meridional temperature gradient in the upper troposphere over the Asian monsoon region coincides well with the summer monsoon onset on a year-to-year basis, and it is an important signal of the seasonal change of the circulation. Ueda and Yasunari (1998) showed that on the 15 year (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) mean, the abrupt changes in low level (850 hPa) wind, and in TBB at Pentad 28 (mid May), are recognizable over the South China Sea. Also, Li and Yanai (1996) showed that the onset of the Asian summer monsoon is concurrent with the reversal of meridional temperature gradient in the upper troposphere south of the Tibetan Plateau. It is desirable, for completeness, to check also the temporal evolution of the tropospheric zonal temperature gradient over the Asian monsoon regions. Figure 9 shows the temporal evolution of zonal temperature difference between 105 E-115 E in the EASM region and 75 E-85 E in the INM region along 22.5 N in the upper troposphere (500-200 hPa) (solid) and at the 850 hPa level (dashed), constructed from the 15-year mean NCEP-NCAR temperature. A positive difference indicates that air temperature over the INM region is warmer than that over the EASM region. The figure shows that the zonal temperature difference in the upper-troposphere (solid) changes from negative values before the end of May (the 30 th pentad) to positive values at the 31 st pentad, and remains positive until the end of October. The results indicate that the uppertropospheric zonal temperature gradient also undergoes seasonal reversal, and the reversal time from late spring to early summer is about one pentad earlier than the time of the Indian monsoon onset. However, the evolution of zonal temperature gradient in the lower troposphere (850 hPa, dashed) is quite different from that in the upper troposphere. The latter stays mostly positive (warmer to the west) year round except in a short period between late July and early September. The two tend to be out of phase. Also notable is the increase of the zonal temperature gradient at 850 hPa before monsoon onset. It reached a maximum value of 7.8 C during the onset of the EASM (28 th pentad) and dropped significantly as the Indian monsoon developed at the 32 nd pentad (from 6.5 C at the 31 st pentad, to 4.3 C at the 33 rd pentad) confirming again the feature revealed by the assimilated 2-meter temperature (Fig. 4 ) and the station surface temperature (Fig. 5) .
Mechanism for the reversal of temperature gradient in the upper troposphere
An analysis of the major tropospheric warming in May 1979 in He et al. (1987) , indicates that the diabatic heating over the eastern Tibetan Plateau, the subsidence over the northeastern periphery of the Plateau, and the warm advection over the Yangzi River Valley, causes the reversal of the meridional gradient of the mean tropospheric temperature in the East Asian monsoon region. This results in the commencement of the low-level southwesterlies, and early summer rains over Assam, the Bay of Bengal coast, Indochina and the South China Sea. The release of latent heat of condensation associated with the rains over these regions and the continuous heating over the Plateau results in further intensification of the vertical circulation of the principal monsoon system, whose ascending branch joins with that over the Plateau. The subsidence over the Iran-Afghanistan-western Plateau region continues. The warming over these regions then leads to the second transition of the circulation in June, which brings southwesterlies over the Arabian Sea and heavy rains over the west coast of India.
The above study has led Li and Yanai (1996) , He et al. (1998) , Jian and He (2000) to further examine the upper tropospheric heat budgets in other years, to substantiate the relevant mechanism for the reversal of the temperature gradient. Yanai and Li (1994) examined the heat sources and moisture sinks before and after the onset of the summer rains over the Tibetan Plateau, from May to August 1979. In the current study, heat budget analysis is carried out over the northern land areas in the two monsoon regions to gain a better understanding of the responsible processes for the rapid seasonal warming. The focus shall be on examining the spatial and temporal variations of the warming (or cooling) rates, caused by the horizontal temperature advection, the adiabatic heating related to the vertical motions, and the diabatic heating over the two monsoon regions.
Following Yanai et al. (1973) , the apparent heat source, Q 1 , and moisture sink, Q 2 , are defined as
where s 1 c p T þ gz is dry static energy, T is the temperature, c p the specific heat at constant pressure, g the gravitational constant, z height, q the mixing ratio of water vapor, o the p-vertical velocity, L the latent heat of condensation, V * the horizontal wind vector. Note that the variables in equation (5) and (6) refer to area-mean values that are resolvable by the existing synoptic-scale measurements taken by upper-air stations.
The vertical integration of (5) and (6), in a layer between the bottom pressure level P b and the top pressure level P t , gives
where h i1 1 g
Q R is the radiative heating rate;P P ¼ hc n i, S S ¼ Àhqo 0 s 0 /qpi andẼ E ¼ Àhqo 0 q 0 /qpi are respectively the vertically integrated net condensation, vertical eddy heat and moisture flux convergence. If P b and P t are the pressure at surface and tropopause, respectively, thenP P;S S andẼ E respectively denote the precipitation rate, the sensible heat flux and the evaporation rate per unit area at the surface. For the convenience of description, expression (5) can be rewritten as
where
Thus the warming or cooling caused by horizontal temperature advection and adiabatic processes are represented by ÀQ 12 and ÀQ 13 respectively. Positive (negative) ÀQ 12 represents warm (cold) horizontal advection, and positive (negative) ÀQ 13 corresponds adiabatic warming (cooling), due to downward (upward) motion in a stably stratified atmosphere. A recent analysis by Annamalai et al. (1999) showed that the precipitation and hence the diabatic heating field, simulated by the ERA, were overall better than those of NCEP-NCAR reanalysis. Therefore, the 15-years (1979-1993) ERA data set is used to compute and analyze the heat and moisture budgets in this study. The comparison of the results obtained from the ERA data with that obtained from the NCEP-NCAR reanalysis, showed that the budgets from the two reanalyses are quite consistent. Therefore, only the budget from ERA is shown here. The computation was carried out on a daily basis, but the analysis was based on pentad means (6 pentad-days per month and 72 pentad-days per year). The p-vertical velocity ðoÞ used in the budget computation is also directly extracted from the reanalysis data set. The vertical velocity in ERA is determined by the equation of mass continuity, and the wind field are adjusted in the normal mode initialization process to suppress the undesired gravity waves (Gibson et al. 1999) . Two contrasting years (1984 and 1991) are selected for budget analysis. In 1984, the onset of EASM occurred as early as in pentad 24 (the end of April), which is about 35 days earlier than the onset of INM the same year and about 20 days earlier than the averaged onset time (the 28 th pentad, i.e., late in May) in the 15-year period. While in 1991, the EASM was established in pentad 32, which is much later than the averaged onset time. And both the INM, and the EASM in 1991 established at the same time. Figure 10 shows the longitude-time cross sections of vertically and latitudinally integrated pentad mean hQ 1 i (Wm À2 ) in the layer of 500-200 hPa, and between 15 N and 25 N for the 15-year mean, 1984, and 1991, respectively. In Fig. 10a , the diabatic heating (hQ 1 i > 0, solid lines) is mainly confined within the longitudinal belt between 70 E and 160 E. Organized diabatic heating (> 50 Wm À2 ) starts first in late April around 105 E (i.e., Indochina peninsula to Southwest China), and extends in both directions. The eastward extension reaches 140 E by late May when the EASM onset occurs, while the westward extension reaches the Indian Sub-Continent (@70-85 E) in early June, when the onset of INM occurs. In 1984 (Fig. 10b ), organized diabatic heating over 50 Wm À2 appears first over the area from the Bay of Bengal to the Indochina peninsula (85-105 E) in pentad 23, and then extends eastward to the South China Sea, and west Pacific area (@105-125 E) around pentad 25 and westward to the Arabian Sea and Indian peninsula (@65-75 E) in pentad 31 to 32. In 1991 (Fig. 10c) , positive hQ 1 i is mainly confined in a narrow longitudinal belt between 90 -105 E during the period from middle April to the end of May. Organized, positive hQ 1 i (b100 Wm À2 ), appears almost simultaneously over the west Pacific, South China, and west India (70 E) in early June, consistent with the simultaneous onset of the EASM, and INM in this year. In summary, what was learned from Fig. 10 is that the onset time of the summer monsoon is also closely related to the variation of the seasonal diabatic heating (hQ 1 i) in the upper troposphere in the latitude belt from 15 to 25 N over the two monsoon regions.
To verify the main heating processes responsible for the upper tropospheric warming and the related reversal of the meridional temperature gradient, Fig. 11 shows the 15-year mean horizontal distribution of the individual heating components hÀQ 12 i; hÀQ 13 i and hQ 1 i, which are vertically integrated in the layer of 500-200 hPa and averaged over the pre-onset period (pentad 19 to 27) of the EASM. The preonset period is defined here as the period from the beginning of April to the pentad right before the EASM onset. Over the Asian summer monsoon region south of 30 N, warm advection (positive hÀQ 12 i) prevails over a wide area east of 90 E, including the Indo-China peninsula, South China Sea, South China, and west Pacific, with the maximum heating rate over 25 Wm À2 located over the eastern South China (Fig. 11a ). On the other hand, the above area is mostly covered by negative hÀQ 13 i (Fig. 11b , adiabatic cooling) and positive hQ 1 i (Fig. 11c , diabatic heating). In brief, the main causes for the upper tropospheric warming over the EASM region are horizontal warm advection and diabatic heating, which offset the adiabatic cooling due to upward motion. Over the most part of the INM region west of 90 E, however, cold advection and diabatic cooling offset the strong adiabatic warming.
To further quantify the regional differences of the heat balance, Table 3 lists the area-mean heat and moisture budgets over the two representative regions: A (17.5-27.5 N, 105-120 E) in the EASM region, [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] in the INM region, averaged in the preonset period of EASM in 1984, 1991 as well as in the 15-year mean. In spite of the differences among the 15-year mean, the early onset year (1984) and the late onset year (1991) of the EASM, a robust common feature evident in Table 3 is that the main processes responsible for the upper tropospheric warming during the pre-onset period over region A in the EASM region are horizontal warm advection (hÀQ 12 i positive) and diabatic heating (hQ 1 i positive) against the strong adiabatic cooling. Note that in the region A, the vertically integrated hQ 2 i has the same sign, and comparable magnitude as hQ 1 i suggesting that the main contribution to the diabatic heating comes from condensation due to the pre-monsoon rain over this region (He et al. 1999) . The heating terms in the early onset year (1984) are all much greater in magnitude than those in the late onset year (1991) . On the other hand, the main processes responsible for the upper tropospheric warming over region B in the INM region during the same period is the strong adiabatic warming (hÀQ 13 i positive) against the horizontal cold advection and diabatic cooling. The importance of the cold horizontal advection to the heat budgets over the Tibetan Plateau was noticed by Yanai and Li (1994) . They showed that during the dry pre-onset period of the summer rain, the diabatic heating in the boundary layer is nearly balanced with the cold horizontal advection due to the prevailing westerly wind above the Tibetan Plateau. But here it is further noted that both hQ 2 i and hQ 1 i are negative with comparable magnitude. This indicates the existence in the moisture budget an evaporative source that contributes to the cooling in the heat budget. The source of moisture may be the evaporation of clouds being advected into the region. There may be two other possible sources of moisture. One is through vertical eddy moisture flux from the boundary layer, moistened by the enhanced horizontal moisture transport during the pre-onset period. The other may come from the horizontal convergence of moisture which is omitted in equation (8).
To further examine the budget features discuss above, in Fig. 12 the 15-year mean annual evolution of the vertically integrated hQ 1 i (solid line) and hQ 2 i (dashed line) in the layer of 200-500 hPa over the region A and the region B are shown, respectively. In the region A, diabatic heating (positive hQ 1 i) starts to increase from early April (around the 19 th pentad), to values above 50 Wm À2 in the 28 th pentad (onset time of the EASM) and onwards and ends in the early October (around the 55 th pentad). Diabatic cooling (negative hQ 1 i) prevails from October to March. The fact that during the period from April to September, positive hQ 1 i over the region A is accompanied by posi- Table 3 . Vertically integrated hQ 1 i and hQ 2 i in the layer 500-200 hPa over two selected regions and averaged in the pre-onset period of the EASM for the 15-year mean, 1984, and 1991, respectively (unit: Wm À2 )
A: 17. 5-27.5 N, 105-120 E B: 17.5-27.5 N, 70- tive hQ 2 i of comparable magnitude and both the hQ 1 i and hQ 2 i fluctuate nearly in phase, suggests that the latent heat released by precipitation is the most important contributor to the diabatic heating (see also Fig. 13 ). The negative hQ 1 i over the region A, is accompanied by either small positive (October-November) or nearly zero hQ 2 i, suggesting that the radiation cooling is the major cooling factor. However, hQ 1 i over the region B changes from negative (cooling) to positive (heating) at about the same time of the onset of INM. The large positive hQ 1 i during the post onset period is accompanied by large positive hQ 2 i, suggesting that the latent heat released by precipitation is a dominate contributor to the diabatic heating.
The hQ 1 i and hQ 2 i changes back to negative at around the 53 rd pentad. Earlier in the year before late April, large negative hQ 1 i is observed and accompanied mostly by small nega- tive hQ 2 i, suggesting the importance of the radiation cooling to the heat balance over this region. From late April to late May, prior to the INM onset, hQ 2 i over the region B decreases from near zero to about À18 Wm À2 , comparable in magnitude to hQ 1 i, indicating that the evaporation becomes gradually a major contributor to the diabatic cooling over this region. The enhanced evaporative source of moisture in the layer of 200-500 hPa prior to the INM onset again suggests the possible role of horizontal convergence of moisture and clouds as discussed above. Figure 13 shows the area and pentad mean latent heat, due to the precipitation LP (solid, Wm À2 ) and the vertically integrated moisture sink hQ 2 i (dash, Wm À2 ) in the two regions.
Here L is the latent heat of condensation, and P the precipitation derived from the CPC (Climate Prediction Center) Merged Analysis Precipitation (CMAP). Over region A, the LP fluctuates roughly in phase with hQ 2 i of the same magnitude, during most of the time of the year especially from the end of April onwards, indicating that precipitation dominates the heat and moisture budgets over this region. Similarly, over region B, significant latent heating (LP b 10 Wm À2 ) and positive hQ 2 i prevail during the INM period. However, little precipitation is observed from the end of September to the spring before INM onset. The results shown in Fig. 13 is quite consistent with those revealed by Table 3 and Fig. 12 , and confirm again the discussion above on the characteristics of the thermal processes related to the regional differences of the monsoon onset.
In summary, the east-west contrast of the horizontal temperature advection south of 30 N is the direct result of the east-west contrasts of the coupling of the upper tropospheric temperature fields (refer to Fig. 3 ) and the wind fields (figures omitted), which are characterized by a cold temperature trough associated with northwesterlies to the southwest of the Tibetan Plateau and a warm ridge associated with southwestlies to the southeast of the Plateau in the same latitudinal belt. We speculate with much confidence that such coupled wind and temperature fields would be the results of the mechanical and thermal effects of the Tibetan Plateau on the atmospheric circulation in the middle and upper troposphere. The strong downward motion associated with the adiabatic warming over the INM region is probably related to the plateau-induced circulation (He et al. 1987 ).
Conclusion and discussion
The main results of this work can be summarized as follows:
(1) The seasonal shift of the South Asian High in the upper troposphere, and the establishment of the Asian summer monsoon, are closely related to the evolution of the upper tropospheric temperature field. Seasonal warming during late spring and early summer in the Asian monsoon region results in the reversal of the meridional temperature gradients in the upper troposphere south of 30 N. This is mainly due to the more rapid increase in temperature over the northern land areas of the monsoon regions. Based on the 15-year mean annual cycle, the reversal time of the meridional gradient of the upper tropospheric temperature is exactly the same as the mean monsoon onset time in the EASM region (28 th pentad), and one pentad earlier than the mean monsoon onset time in the INM region (32 st pentad). In most (87%) of the 15-years, the reversal time of the meridional temperature gradient coincides or precedes the onset time of the summer monsoon in both the EASM and the INM regions. Thus the reversal time of the meridional gradient of the upper-tropospheric mean temperature is a significant signal of the summer monsoon onset. The results suggest that instead of the land-sea thermal contrast near the surface, the regional thermal differences in the mid-and uppertroposphere are the major cause of the earlier onset of EASM than INM. A seasonal reversal is also noticed in the zonal temperature gradient in the upper-troposphere (solid line in Fig. 9 ). (2) Over the Asian monsoon region, the mean zonal temperature gradient in the upper troposphere during late spring and early summer is oriented from west to east, which is opposite to that in the lower troposphere, suggesting the importance of internal thermal and dynamical processes other than surface heating.
(3) Heat budget analysis of the 15-year mean and the two individual years (1984 and 1991) shows that during the pre-onset period of the EASM, horizontal warm advection and latent heating are the main warming processes in the upper troposphere against the intense adiabatic cooling due to the upward motion related to the premonsoon rain over the EASM region. Over the Indian sub-continent and surrounding areas, however, the intense adiabatic warming due to the prevailing downward motion is the key warming process against the strong horizontal cold advection, and diabatic cooling in the upper troposphere.
The prevailing northwesterlies over the southwestern periphery of the Tibetan Plateau and the Indian sub-continent and the southwesterlies over East Asia, are related to the sub-tropical westerly jet in the upper troposphere to the south of the Plateau. They contribute to the cold advection over the INM region, and warm advection over the EASM region during the pre-onset period. The strong downward motion over the INM region would be related to the downward branch of the Plateau induced vertical circulation (He et al. 1987) . Thus the plateau-induced circulation, and the above-mentioned unique coupling between temperature and wind fields around the Tibetan Plateau contribute significantly to the seasonal transition in the upper troposphere. It is inferred that the differential heating processes in the Asian monsoon region, as described in this study, are closely related to the thermal and dynamical effects of the Tibetan Plateau superposed on the seasonal change of large-scale circulation due to land-sea contrast. Further indepth studies on the relevant issues are needed.
